Mutations were introduced into the active site triplet (AspThr-Gly) of one or both subunits of a linked dimer of human immunodeficiency virus type 1 proteinase. Mutation of Thr to Ser in one or both subunits did not alter the activity of the enzyme substantially, whereas its mutation to Asn in one subunit caused a dramatic decrease in catalytic efficiency. Mutation of Gly to Val in one subunit also yielded an enzyme with very low activity. The enzymes containing Thr -> Asn and Gly -» Val mutations in both subunits resulted in inactive enzymes, based on their inability to self-process and on assay with an oligopeptide substrate. The dramatic decrease in enzyme efficiency of the mutants was interpreted using molecular models of the enzymes.
Introduction
As for all retroviruses, the proteinase (PR) of the human immunodeficiency virus (HIV) is essential for virus replication (Crawford and Goff, 1985; Katoh et al, 1985; Kohl et al, 1988) . The HIV PR is considered as a potential target for chemotherapy (Krausslich et al, 1989; Oroszlan and Luftig, 1990) ; potent inhibitors are being developed, some of them are now in advanced clinical trials and'have been approved for use (Winslow and Otto, 1995; Mellors, 1996) . Retroviral proteinases are dimeric molecules consisting of two identical subunits, each contributing a catalytic aspartic residue (Fitzgerald and Springer, 1991) . They differ from cellular aspartic proteinases, which consist of a single protein chain (Davies, 1990 ) that, in turn, is composed of two similar domains, each containing a catalytic aspartate residue. While in crystal structures of HIV PR apoenzymes the two monomers are indistinguishable, in most of the HIV PR-inhibitor complexes the two monomers are in non-equivalent environments and thus monomers A and B can be uniquely characterized on that basis (Wlodawer and Erickson, 1993) . The Asp-(Thr/ Ser)-Gly sequence including the catalytic aspartic residue is conserved in all aspartic proteinases, having an almost identical conformation in all known crystal structures (Gustchina and Weber, 1990; Rao et al., 1991) . The active site triplets are connected to one another through a complex network of © Oxford University Press hydrogen bonds in which the threonines (or serines) play a crucial role due to the intersubunit interaction in the 'fireman's grip' (Figure 1 ; Davies, 1990; Wlodawer and Erickson, 1993) .
In most retroviral PRs this conserved triplet contains Thr, with the exception of the PR of avian type C retroviruses like Rous sarcoma virus (RSV) and avian myeloblastosis virus (AMV) as well as foamy viruses including human spumaretrovirus (HSRV) , that contain Ser (Maurer et al, 1988; Weber, 1989) . Interestingly, the avian enzymes are encoded on the gag gene, and are produced in equimolar amounts to the Gag structural proteins, while in all other cases the PR is produced in a much lesser amount, coded for by a separate pro or pol gene (Oroszlan and Luftig, 1990; Aguzzi, 1993) . Shifting the PR of RSV into the pol substantially reduced processing and resulted in less mature capsid protein (Oertle et al, 1992) , while shifting the PR of HIV-1 into the gag caused an uninfectious virus due to premature protein processing (Mergener et al, 1992) . Owing to their gag localization the RSV and AMV PRs are expected to be less active enzymes than HIV PR, and the presence of Ser in place of Thr at the active site may contribute to their lower catalytic activity. It is also interesting that the extracellular HSRV particles contain mainly unprocessed Gag proteins (V.Morozov, personal communication), also suggesting an impaired proteolytic function.
The importance of each amino acid residue of the AspThr-Gly sequence for the catalytic activity of wild-type HIV-1 PR has been shown in mutagenesis studies (Loeb et al, 1989) . However, structure-function studies are limited by this approach because mutational changes result" in a change in both identical subunits of HIV-1 PR. A linked proteinase dimer of HIV-1 PR was described previously, and was used to generate mutants which contained substitutions in only one subunit (Cheng et al, 1990a, Y.S.E.Cheng, unpublished) . HIV PR heterodimers are not only useful for studying the enzyme action, but they also have biological relevance since heterodimer formation could occur in vivo. After infection by HIV, before cells down-regulate CD-4 and become resistant to superinfection, continual infection can take place (Levy, 1993) . Studies of dendritic cells susceptible to HIV-1 infection via a CD-4 dependent pathway suggested that the integration of more than one copy per cell may occur (Patterson et al, 1995) . Stable virus producer H9 clones infected with the MN strain contained one to four proviruses per clone and after extended incubation these clones were shown to acquire additional proviruses, presumably by superinfection (Ott et al, 1995) . Ott et al. (1995) also suggested that it is likely that superinfection could occur in vivo within the lymphoid reservoirs that harbor HIV during the clinically latent period and may contribute to disease progression.
Mutating only the catalytic aspartate of one subunit in the linked proteinase dimer to glycine resulted in an inactive enzyme (Cheng et al, 1990a Fig. 1 . Stereoview of the structure of the 'fireman's grip'. The active site of the HIV-1 proteinase structure (Miller et al., 1989 ) is shown. The intersubunit hydrogen bond interactions are shown by dashed lines. Hydrogens involved in interactions are also shown in gray.
were assayed for proteolytic activity based on their selfprocessing of precursor proteins expressed in Escherichia coli, and by using an oligopeptide substrate.
Materials and methods

Cloning, expression and refolding of the linked HIV-1 proteinase dimers containing mutations in the active site triplet
Synthetic genes for HTV-1 proteinase (gene 'A'), and its N-terminal flanking 57 codons (gene 'B') as well as the single chain tethered dimer (gene 'BAA') with a linker sequence of -Gly-Gly-Ser-Ser-Gly-were described previously (Cheng et al., 1990a,b) . Expression of wild-type linked HIV-1 PR dimer (HIV-l/HIV-1 PR) was done as described previously (Cheng et al., 1990a) . Mutations of the enzyme were performed as described for the gene BAdgA coding for HIVl(Asp25->Gly)/HIV-l(wt) linked dimeric enzyme (Cheng et al., 1990a) . Recombinant JM105 cells were induced for the expression of the wild-type linked proteinase as well as HIV-l(Thr26->Ser)/HIV-l(wt), HIV-l(Thr26->Ser)/HIVl(Thr26->Ser), HIV-l(Thr26->Asn)/HIV-l(wt), HIVl(Thr26->Asn)/ HIV-1 (Thr26-»Asn), HIV-l(Gly27->Val)/ HlV-l(wt) and HIV-l(Gly27-»Val)/HIV-l(Gly27->Val) linked mutant dimers, by use of the expression vector pET3 AM (Cheng et al., 1990a) . Cells were harvested and lysed with a French pressure cell to prepare the inclusion bodies. Inclusion bodies were extracted with 67% acetic acid. Extracts were diluted 33-fold with water, dialyzed against water overnight and dialyzed for 2 h at 25°C against a pH 5.5 refolding buffer consisting of 20 mM MES, 1.0 mM dithiothreitol and 10% (v/v) glycerol. The degree of self-processing of the mutant proteinases was followed by SDS-PAGE performed according to Laemmli (1970) . Immunoblotting was performed according to Towbin et al. (1979) using a polyclonal antibody raised against synthetic HIV-1 proteinase (Copeland and Oroszlan, 1988 ) and a horseradish peroxidase conjugated goat anti-rabbit antibody (Bio-Rad, Hercules, CA). The immunoblots were developed with a Bio-Rad kit containing 4-chloro-l-naphthol as substrate, according to the manufacturer's instructions. Band patterns obtained with immunoblotting and Coomassie blue 998 staining of the gels were found to be very similar, suggesting the presence of immunoreactive materials only (not shown).
Enzyme assays
The assays were performed in 20 ul of 0.25 M potassium phosphate buffer, pH 5.6, containing 7.5% glycerol, 1 mM EDTA, 0.25 mM dithiothreitol, in the presence of 2 M NaCl, using oligopeptide H-Val-Ser-Gln-Asn-Tyr*Pro-IleVal-Gln-NH 2 (the asterisk indicates the site of cleavage), previously designated SP-211 (Copeland and Oroszlan, 1988) . The reaction mixture was incubated at 37°C for 1-2 h, and the reaction was stopped by the addition of 180 ul of 1% (v/v) trifluoroacetic acid (TEA). An aliquot was injected onto a Nova-Pak C 18 reversed-phase chromatographic column (150X3.9 mm i.d.). Substrates and the cleavage products were separated using an increasing water-acetonitrile gradient (0-100%) in the presence of 0.05% TEA. Cleavage products by HTV-1 proteinase for this peptide were determined previously by amino acid analysis (Tb'zse'r et al., 1991 (Tb'zse'r et al., , 1992 . Cleavage products for the wild-type and mutant-linked proteinases were found to have retention times identical to those obtained with two-chain HTV-1 and HIV-2 proteinases. For the wild-type linked enzyme and for those containing Thr -» Ser mutations, active site titration was performed with compound 3 (Grobelny et al, 1990) . Owing to the very low catalytic activity of the other mutants, their active site titrations were not performed. For the HIV-l(Thr26->Asn)/HIV-l(wt) and HIV-1 (Gly27-» Val)/HIV-l(wt) mutants the protein content was determined according to Bradford (1976) . The amount of precursor and processed proteinases out of the total immunoreactive proteins was determined by densitometric analysis. To calculate the kv alues, 100% activity was assumed for both the precursor and processed forms (Zybarth et al., 1994) . The apparent kinetic constants were calculated by using the 
Molecular model and energy minimization
The starting structure consisted of the proteinase dimer from the crystal structure of HTV-1 PR with the inhibitor JG365 (Swain et al., 1990) , and a model for the peptide substrate H-Val-Ser-Gln-Asn-Tyr*Pro-Ile-Val-Gln-NH 2 . The structures were examined on a Silicon Graphics Indigo 2 computer running the program Sybyl (Tripos, St Louis, MO). The peptide substrate was built by altering amino acid side chains in the inhibitor and forming a peptide group (CONH) instead of the non-hydrolyzable bond of the inhibitor (Tozsdr et al., 1992) . The N-terminus of the substrate was charged while the Cterminus was modeled with the amide blocking group. The proteinase was modeled with a proton (H + ) positioned midway between the closest side chain oxygens of the two adjacent catalytic aspartates, Asp25 and Aspl25, and the carbonyl oxygen of the scissile bond, as described previously (Harrison and Weber, 1994) . The model of wild-type PR with this proton was shown to be energetically stable by molecular dynamics simulations. All the water molecules from the crystal structure were included because several appeared to be structurally important (Harrison and Weber, 1994) . Energy minimization and molecular dynamics were run using the program AMMP (Harrison, 1993) , similarly as described previously (Harrison and Weber, 1994) . The UFF atomic potentials (Rappe et al., 1992) modified by Weber and Harrison (1996) were used with charges taken from the AMBER all-atom set (Weiner et al, 1986) . The atomic positions were initially tethered to those in the crystal structure of HTV-1 PR in order to calculate and minimize the hydrogen atom positions. After minimizing the hydrogen atoms, all restraints were removed and the whole structure was minimized using the following procedure: 200 steps of conjugate gradients followed by five cycles MIN_S of alternating molecular dynamics (20 fs at 100 K) and 60 steps of conjugate gradients. This was followed by five cycles MIN_L of alternating molecular dynamics (20 fs at 100 K) and 100 steps of conjugate gradients. At this stage the substrate conformation was examined and the P5 Val and P4' Gin residues were adjusted to (J-sheet conformation. Then a further 190 cycles MIN_L were performed. The minimized structure was compared with the starting crystal structure for the C a atoms and all non-hydrogen atoms. Mutations were modeled in the minimized proteinase-substrate structure, and a further 200 steps of the conjugate gradients method was performed followed by five cycles MIN_S and 15 cycles MIN_L. The single mutations were modeled in both subunits A (numbered 1-99) and B (numbered 101-199) (Wlodawer and Erickson, 1993) of the dimer, since the direction of the substrate binding to the mutants is uncertain, that is, whether the first or the second subunit of the linked enzyme will be selected as subunit A by the mutant proteinases. No cutoff was applied for the non-bonded and electrostatic terms. The non-mentioned parameters were the default values of the program. The minimized structures were analyzed for the substrate binding energy (the non-bonded interaction energy between the enzyme and substrate). The minimized mutant structures were also compared with the minimized structure of the wild-type twochain HIV-1 PR for the root mean square (r.m.s.) deviation in the position of C a atoms and all non-hydrogen atoms as well as in the position of the active site proton. Finally, the model structures were examined in the computer graphics system.
Results
Self-processing of the mutant proteinases
The precursor (BAA) form of the linked HIV-l(wt)/HIV-l(wt) PR dimer was observed to complete self-processing during refolding, while the asymmetric linked dimer mutant containing Gly in place of Asp25 in one subunit was found to be completely inactive (Cheng et al, 1990a) . Using the same refolding protocol, linked dimers containing single and double Thr -» Ser mutations and the mutant carrying the single Thr -> Asn substitution were also completely self-processed ( Figure  2) . However, the self-processing of mutants containing the single Gly -> Val as well as double Thr -> Asn substitutions was only partial and very weak, respectively, while the mutant containing double Gly -» Val substitutions did not self-process at all (Figure 2) . N-terminal analysis of the processed mutant proteinases suggested that the cleavage occurred at the authentic site in all cases (data not shown).
Kinetics studies with the wild-type and mutant linked HIV-1 PR dimers using an oligopeptide substrate A nonapeptide, H-Val-Ser-Gln-Asn-Tyr*Pro-Ile-Val-Gln-NH 2 (designated SP-211) with the sequence of the naturally occurring cleavage site between the matrix (MA) and capsid (CA) proteins of HTV-1 was used as a substrate for the wildtype and mutant linked dimers. Kinetic parameters were determined for the hydrolysis of this substrate (Table I) . The single and double Thr -» Ser mutants exhibited kinetics similar to those of the wild-type linked proteinase. However, the single Thr -> Asn and Gly -» Val mutants gave several tiiousandfold lower k^ and k aa /K m values, while the K m values increased only approximately two-fold. The single Gly -» Val mutant dimer contained both the precursor and processed forms of the proteinase. Zybarth et al. (1994) compared the activity of the processed HTV-1 PR with precursor forms containing flanking sequences at the N-terminus (the Phe*Pro processing site was mutated) and found that these precursor forms exhibited wild-type activity on peptide substrates. Based on this observation, we treated the precursor and processed forms equivalently in the calculation of the amount of the active PR. The higher catalytic constants for the single Thr -» Asn mutant are in good accordance with its better self-processing capability (Figure 2 ). The double Thr -» Asn and Gly -» Val mutants (their precursor forms containing an N-terminal flanking sequence) were completely inactive on the oligopeptide (Copeland and Oroszlan, 1988) . substrate. No hydrolysis was observed even after incubation for several hours (data not shown).
Energy minimization
All of the mutations were introduced into the HIV-1 PR structure and energy minimizations were performed with the molecular mechanics program AMMP (Harrison, 1993) . The single mutations were introduced into both subunits, since the direction of the binding of the substrate is uncertain. The calculated interaction energy between the enzyme and substrate ranged between -160.6 and -164.7 kcal/mol (Table II) . Our preliminary results of energy calculations using AMMP with a series of substrates containing single amino acid substitutions in SP-211 revealed a correlation between the enzyme-substrate interaction energy and the k cnl /K m values of the substrate hydrolysis (data not shown). Except for the single Thr -> Asn mutant, the tendency of the energy values is similar to that obtained from k ca JK m values. Both values are very similar for the wild-type and single Thr -> Ser mutants. The highest interaction energy and k c JK m values were obtained for the enzyme containing Thr -» Ser mutation in both subunits, while the smallest value was obtained for the double Thr -» Asn and Gly -» Val mutants, which did not hydrolyze the substrate. However, there is no direct quantitative correlation between the two parameters. It should be noted that no correlation was obtained between the inhibition constant and interaction energy calculated for peptide analog inhibitors of HIV-1 (Sansom et al, 1992; Gustchina et al, 1994) .
Thr26 is anchored by hydrogen bond interactions between its hydroxyl group and the carbonyl of Leu 124 as well as amide nitrogen of Thrl26, while the Thrl26 (the corresponding residue of the second subunit) forms a similar hydrogen bond with Leu24 and Thr26 in an arrangement called the 'fireman's grip' (Figure 1 ; Davies, 1990; Wlodawer and Erickson, 1993) . The methyl group of the side chain of Thr26 fits into an apolar environment, provided by the side chains of Leu 105 and Leu 197 (Leu5 and Leu97 for Thr 126). The elimination of this methyl group was expected to weaken the intersubunit interaction which may play a role in the dimerization of the enzyme. However, dimerization is strengthened by the tether formation in our enzymes, which might compensate for this effect. In good agreement with these predictions, the activity of a two-chain Thr26 -> Ser mutant was reported to be less active than the wild-type enzyme (Rose et al, 1995) The minimized structures of the single Thr -> Ser mutant (introducing the mutation either into subunit A or B) and the double Thr -> Ser mutant were not altered substantially, having r.m.s. deviations in the range 0.06-0.09 A for C a and all atoms, compared with the minimized linked HIV-1 PR structure, suggesting that no substantial effect was caused by this mutation on the overall structure. Similarly, only minor deviations were observed in the position of the Pl-Pl' (notation is according to Schechter and Berger, 1968) residues of the substrate as well as in the position of the active site proton (Table II) . The r.m.s. deviations for the whole enzyme were similar for the enzyme models containing Thr -»Asn mutations (Table II) , however, the crucial hydrogen bond interactions of the hydroxyl group of Thr26 were lost (Figure 3 ). These hydrogen bond interactions are part of the 'fireman's grip', conserved in all known aspartic proteinases, and may be required to anchor the two catalytic aspartates into the proper position. Interestingly, while the single Thr -» Asn mutants showed interaction energies and r.m.s. deviations of the active site triplets similar to those with Thr -» Ser mutations, the interaction energy was substantially lower and the r.m.s. deviations were higher for the double mutant. Thr26 and Thr 126 do not interact directly with the substrate, and since no constraints were used during minimization, the flexibility seemed to allow the even distribution of the changes introduced in one subunit, but not in the case of double mutation. Gly27 is located at the top of the catalytic loop, and its carbonyl group forms a hydrogen bond with the NH group of the PI residue. The corresponding residue of the other subunit, Glyl27 coordinates with the NH group of the P2' residue. The C a of Gly27 is close to the catalytic aspartate. Any side chain at this position would point toward these aspartates and is expected to impair their function severely. In good agreement with this prediction, the largest structural changes in the mutated structures were obtained for these enzymes, due to the steric interference, having an r.m.s. value of 0.12-0.18 A for C a atoms (0.14-0.20 A for all atoms) of the single and double mutants (Table IT) . Also, the catalytic triplet as well as the substrate moved substantially even in the single mutant models, especially if the mutation was introduced into subunit A (Figure 4 , Table II ). The carbonyl oxygen of the scissile bond is pushed away from the catalytic aspartates by the side chain of Val27 (or Val 127 in the case of reversed binding), which could be an explanation for the low catalytic activity and decreased interaction energy of the single mutant.
Discussion
In a random mutagenesis study the active triplet Asp25-Thr26-Gly27 region of the HTV-1 proteinase showed high mutation sensitivity: the change of Asp25 to Ala, Tyr, His, of Thr26 to Ala, lie, Lys, Arg and of Gly27 to Ala, Pro, lie, Val, Leu, Arg, Asp yielded inactive enzymes (Loeb et al, 1989) , suggesting that these residues are crucial for the proper catalytic function. The use of a linked proteinase dimer allowed us to generate mutations in only one subunit of the dimer, resulting in a less severe effect than the same mutations in both subunits. Theoretically it would be possible that the activity of the single mutants is due to the formation of a dimer of the linked proteins, in which two of the unmutated halves would form an active enzyme. However, in this case the completely inactive linked proteinase containing the Asp25 -» Gly mutation in one subunit (Cheng et al., 1990a) would also presumably have to show self-processing.
A common characteristic of the studied mutants is the very similar K m values. However, the catalytic constants were drastically reduced for all, except the enzymes having Thr -» Ser mutations. In these aspects, the mutants showing very low catalytic efficiency are acting similarly to a chemically synthesized HIV proteinase, in which the -CONH-group between Gly49 and Ile50 of the flap was replaced with a -COS-bond (Baca and Kent, 1993) . In that case, owing to the proposed lack of ability to coordinate the unique water molecule at the tip of the flap, the backbone-modified enzyme showed a several thousand-fold reduction in catalytic activity (A: cat ) but normal substrate specificity and affinity (K m ). Another interesting analogy can be drawn from the results of mutations of trypsin. Change of the Asp to Ser at the bottom of the SI binding site of trypsin yielded an enzyme which hydrolyzed the lysyl and arginyl substrates at about a five orders of magnitude lower k cat value, whereas the K m value increased only 2-6-fold (Graf et al., 1988) . Using substrates having sequences very similar to SP-211, the rate-limiting step of catalysis was found to be the chemical step involving the collapse of the kinetically competent enzyme-bound amide hydrate intermediate (Hyland et al., 1991) . The dramatic decrease in the A; cat value without altering the K m suggests that this step may be severely affected in the mutants, except for those containing Thr -* Ser mutations.
Enzymes containing non-conservative mutations or truncations and/or changes in the interactions with the conserved water molecule at the tip of the flap of one subunit of the linked PR dimer showed not only dramatically reduced catalytic activity, but also very high K m values (our unpublished results), in which case the physical step before catalysis involving the movement of the flaps as well as the affinity of the substrate may be also dramatically reduced. Our results suggest that heterodimer formation between wild-type and Thr26 -> Asn as well as Gly27 -» Val mutant monomers would yield proteinases with very low activity. Recently, Rose etal. (1995) found that stable expression of a defective protease containing mutation of the active site Asp to Asn in monkey cells reduced the yield of infectious particles from these cells by 90% upon transfection with the wild-type proviral DNA, suggesting that defective subunits of the viral proteinase exert a /rans-dominant inhibitory effect resulting from the formation of catalytically compromised heterodimers in vivo. Although our mutants showed some activity on oligopeptide substrates, and were able to undergo autoprocessing in vitro, they are expected to work in vivo in a way similar to the Asp25-) Asn mutant, based on the estimation that 50-fold reduction in proteinase activity is sufficient to abolish virus infectivity (Rose et al., 1995) . The frans-dominant effect of mutant proteinases in cell culture is similar to those found with mutant Rev (Bahner et al., 1993) and Gag (Smythe et al, 1994) and provides a possibility for their use in gene therapy of AIDS.
One of the major problems of AIDS treatment is the rapid development of resistance against the antiretroviral agents, including proteinase inhibitors (Richman, 1995) . A very important aspect of the active site mutant proteinases is that there is no possibility of overcoming their effect by mutations at other parts of the enzyme. Owing to the formation of homodimers, the wild-type protease is not useful for studying the specificity and catalytic capability of mutants containing mutations only in one subunit while linked proteinase dimers provide an excellent model system for such purposes.
